Objective: Tobii eye tracking was compared with webcam-based observer scoring on an animation viewing measure of attention (Early Childhood Vigilance Test; ECVT) to evaluate the feasibility of automating measurement and scoring. Outcomes from both scoring approaches were compared with the Mullen Scales of Early Learning (MSEL), Color-Object Association Test (COAT), and Behavior Rating Inventory of Executive Function for preschool children (BRIEF-P). Method: A total of 44 children 44 to 65 months of age were evaluated with the ECVT, COAT, MSEL, and BRIEF-P. Tobii ϫ2-30 portable infrared cameras were programmed to monitor pupil direction during the ECVT 6-min animation and compared with observer-based PROCODER webcam scoring. Results: Children watched 78% of the cartoon (Tobii) compared with 67% (webcam scoring), although the 2 measures were highly correlated (r ϭ .90, p ϭ .001). It is possible for 2 such measures to be highly correlated even if one is consistently higher than the other (Bergemann et al., 2012) . Both ECVT Tobii and webcam ECVT measures significantly correlated with COAT immediate recall (r ϭ .37, p ϭ .02 vs. r ϭ .38, p ϭ .01, respectively) and total recall (r ϭ .33, p ϭ .06 vs. r ϭ .42, p ϭ .005) measures. However, neither the Tobii eye tracking nor PROCODER webcam ECVT measures of attention correlated with MSEL composite cognitive performance or BRIEF-P global executive composite. Conclusion: ECVT scoring using Tobii eye tracking is feasible with at-risk very young African children and consistent with webcam-based scoring approaches in their correspondence to one another and other neurocognitive performance-based measures. By automating measurement and scoring, eye tracking technologies can improve the efficiency and help better standardize ECVT testing of attention in younger children. This holds promise for other neurodevelopmental tests where eye movements, tracking, and gaze length can provide important behavioral markers of neuropsychological and neurodevelopmental processes associated with such tests.
General Scientific Summary
This is the first study to our knowledge to establish the feasibility of the use of eye tracking technology to measure attention in HIV-exposed very young children in a sub-Sahara Africa. These pioneering efforts show how ever-more accessible eye tracking technologies can give rise to more efficient ways to measure behavior concomitants of neuropsychological integrity in younger children. This can improve the standardization of such measures in gauging the neurodevelopmental impact of infectious disease on brain development and the benefits of prevention and/or early intervention for such diseases.
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In evaluating the neurodevelopmental and neuropsychological effects of infectious diseases such as malaria and HIV, it is important to have valid, sensitive, and reliable measures of attention in children who are too young to complete the Tests of Variables of Attention (TOVA; children less than 5 years of age; Boivin & Giordani, 2009 ). The Early Childhood Vigilance Test (ECVT) is an experimental measure of vigilance initially validated in children 12 to 44 months of age to evaluate sustained attention (Goldman, Shapiro, & Nelson, 2004; Zelinsky, Hughes, Rumsey, Jordan, & Shapiro, 1996) . It is modeled after Ruff's puppet vigilance paradigm (Ruff & Capozzoli, 2003; Ruff, Capozzoli, Dubiner, & Parrinello, 1990 ) only using lively and colorful animallike figures that periodically appear in an animation cartoon to actively greet the child viewing the program, providing a means of evaluating attention in a very young child.
The ECVT has proven sensitive to the effects of severe malaria anemia and cerebral malaria in Ugandan children 2 through 5 years of age (Bangirana et al., 2014) . It has also been used to evaluate the benefits of early antiretroviral treatment in Ugandan children with HIV 2 to 5 years of age (Boivin et al., 2013a) , whose caregivers participated in a year-long biweekly training program to improve their daily interactions with their children so as to enhance their child's development. In this study, the ECVT proved sensitive to the benefits of an early childhood development (ECD) caregiver training program to enhance early cognitive stimulation of children. We witnessed significant improvements in ECVT performance in children in the first 6 months of caregiver training, when compared with a non-ECD intervention arm (Busman, Page, Oka, Giordani, & Boivin, 2013) .
In a subsequent study evaluating an ECD intervention in the present study setting (Boivin et al., 2013b) , we administered a caregiver training program based on the Mediational Intervention for Sensitizing Caregivers (MISC) approach (Klein, 1996 (Klein, , 2001 Klein & Boivin, 1997; Klein & Rye, 2004) . The ECVT improved significantly after 6 months of biweekly training for the preschoolage children (2 to 5 years) of caregivers receiving MISC intervention, compared with a non-ECD training intervention focusing on children's health and nutrition. The ECVT was also less varied for study children who were virally suppressed and clinically stable on antiretroviral treatment, compared with those children not on treatment (Chhaya et al., 2017) .
The present study is an attempt to evaluate the feasibility of using eye tracking instrumentation with the ECVT. This is to enhance the validity and reliability of this test by automating the measurement and scoring of the principal behavioral outcome for this test-which is the proportion of time gazing at the animated video presentation. This ECVT instrumentation substudy is embedded within a randomized controlled trial (RCT) of MISC with caregivers and children exposed to HIV (but not infected) at a study site of caregiver training to enhance ECD in eastern Uganda Murray et al., 2017) .
The eye tracking instrumentation, Tobii ϫ2-30, used for the ECVT results, has proven to be effective in providing important outcomes for child development brain/behavior indicators in infancy and early childhood (Melinder, Konijnenberg, & Sarfi, 2013; Richmond & Nelson, 2009 ). However, we know of only one published report where Tobii eye tracking instrumentation has been used to evaluate neurocognitive response with children in the African setting. Forssman and colleagues (2017) presented a visual tracking and visual switching task to a sample of both Finnish (N ϭ 39) and Malawian (N ϭ 40) 9-month-old infants to establish the feasibility of this sort of eye-tracking measure in a cross-cultural study (Forssman et al., 2017) . Both groups of infants had a very high completion rate for the visual testing procedure while providing valid eye tracking data (Ͼ90%), and parents in both cultures had a high acceptance rate of this kind of evaluation for their children. However, compared with Finnish infants, Malawian infants had a lower rate of successful visual search responses, longer attention visual tracking shift times (indicative of processing speed), and a lower rate of gaze disengagements from the presentation of human faces on the computer monitor.
Forssman and colleagues concluded that in addition to risk factors for brain/behavior development, a number of other reasons could explain the difference, such as a heightened sensitivity of the Malawian infants to stressful environments that could disrupt their social responsiveness, or responsiveness to computer monitor displays. Irrespective, Forssman and colleagues were able to demonstrate that the use of eye tracking technologies in infant cognitive testing could yield a consistent pattern of responses for infants cross-culturally, and that such technology was feasible and acceptable in the African context (i.e., proof of concept). The present study also seeks to establish the feasibility of eye tracking as part of a neurocognitive assessment in African context. Furthermore, this is the first time that this kind of eye tracking instrumentation and technology is being used in a LMIC to automate the administration and measurement a neurocognitive behavioral outcome in preschool-age children perinatally exposed to HIV. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Method Participants
Institutional review board (IRB) approval for this study was obtained from the Makerere University School of Medicine Ethics in Research IRB and the Michigan State University Biomedical Research IRB. Written informed consent was provided by the mothers of the study children after the consent form was explained to the mothers in their local language. Research permission was issued by the Ugandan National Council for Science and Technology. Participants were 44 children (24 boys, 20 girls) 44 to 65 months of age (M ϭ 4.36, SD ϭ 0.98 years) perinatally exposed to HIV but uninfected (enzyme-linked immunosorbent assay [ELISA] test) and cared for by the biological mother, staying within a 20-km catchment area of Tororo town. These dyads were referred to the parent MISC RCT study by the Infectious Disease Research Collaboration (IDRC) at Tororo District Hospital, which primarily supports NIH-sponsored research study collaborations between Makerere University and the University of CaliforniaSan Francisco (Kamya et al., 2014) .
The present study children were from the final 44 dyads (out of 220) scheduled for their 2-year postenrollment assessment as part of the MISC caregiver training RCT parent study described in more detail elsewhere . These 44 children completed the assessment protocol as approved in the RCT (clinicaltrials.gov identifier: NCT01640561). The two trial arms in this RCT compared biweekly year-long MISC versus a nutrition/ health/hygiene curriculum promoted in Uganda for impoverished rural families. Children were cared for by birth mothers with HIV at the time of the child's birth, but the child was confirmed uninfected at the time of enrollment with ELISA testing. Because mild to moderate risk factors such as birth complications, malnutrition, other known mild head injury or concussion requiring hospitalization would also have an impact on attention, we excluded any children with any history of hospitalization. The 44 children's final assessment was conducted as specified within this RCT in obtaining the final developmental endpoint for study children, with the exception of having the Tobii eye tracking instrumentation included as part of the child's ECVT test.
A child was excluded from the RCT MISC caregiver training study and from the present substudy if he or she had a medical history of serious birth complications, severe malnutrition, bacterial meningitis, encephalitis, cerebral malaria, or other known brain injury or disorder requiring hospitalization that could overshadow the developmental benefits of MISC caregiver training. A clinical medical officer completed a health history questionnaire with the mother for information on any previous hospitalizations, along with a review of the medical health records available for each child referred from the IDRC at Tororo District Hospital. The medical officer then performed a physical examination along with the Ten Question Questionnaire (TQQ) with the principal caregiver to screen for neurodisability (Durkin, Hasan, & Hasan, 1995) . The height (range ϭ 79 to 115 cm; M ϭ 101, SD ϭ 8.56) and weight (range ϭ 8 to 20 kg; M ϭ 15.34, SD ϭ 2.80) were well within the normal range reported for the total sample of HIV exposed children in the RCT study , as was the quality of home environment based on the modified Caldwell Home Observation for Measurement of the Environment (HOME) scale (Caldwell & Bradley, 1979 ; range ϭ 12 to 28; M ϭ 22.4, SD ϭ 3.63) used previously with HIV-exposed children in this setting (Boivin et al., 2013a (Boivin et al., , 2013b . Likewise, maternal depression as measured with the Hopkins Symptoms Checklist (Boivin et al., 2013a (Boivin et al., , 2013b Familiar, Murray, et al., 2016; Familiar, Nakasujja, et al., 2016) for the present sample of dyads was not exceptional (item average for the 15 depression items; M ϭ 0.79, SD ϭ 0.53).
Neurodevelopmental Measures
After a brief medical exam verified that the child was in good health and could proceed with the assessment, we administered the tests in the order described below, starting with the ECVT. While the child was being tested with the ECVT, MSEL, and COAT, the mother completed the BRIEF-P for the study child, with the questions being read to her in her local language. All of the assessments described below had already been adapted to the rural Ugandan context with children infected with HIV (Boivin et al., 2013a) , as well as those perinatally exposed to HIV (not infected) and evaluated at the present study site (Boivin et al., 2013b) .
Early Childhood Vigilance Test (ECVT). The ECVT was our principal measure of childhood attention. Initially validated for American children 12 to 46 months of age, this measure evaluates how vigilance is used in very young children to evaluate sustained attention (Goldman et al., 2004; Zelinsky et al., 1996) . The age range for the initial validation of the ECVT does not preclude its effective use with Ugandan severe malaria survivors up through 5 years of age, or with HIV-exposed children up to 65 months of age in the present study (Bangirana et al., 2014; Bass et al., 2016) . Children are required to monitor a colorful computer screen for the sudden appearance of active and engaging cartoon animal characters that appear unpredictably at 5-to 15-s intervals. The ECVT involves a 6-min and 44-sec cartoon in which a child watches an animated video, with animal characters moving across the screen for about 6 min of the total animation time. The more vigilant the children are in monitoring the screen, the more likely they are to be rewarded with cartoons engaging in lively movements when they appear for about 10 s.
The child was videotaped with a webcam video placed above the computer monitor ( Figure 1 ). The videos were coded and scored by a trained researcher using a software program called PROCODER. Coding videos involved tracking the amount of time in seconds the child was definitely looking at the screen and turning that amount into a percentage representing the amount of time spent attending to the screen out of the total time of the animation. The same research assistant completed the PROCODER webcam ECVT scoring for the study children, and this research assistant responsible for this scoring had extensive experience, completing hundreds of previous ECVT tests subject to interrater reliability checks at the study site with 10% of completed ECVT tests.
PROCODER webcam interobserver reliability ratings for the ECVT are not only time consuming, but can have disappointing outcomes even in highly experienced observers. For our present study sample, we did have two of our principal Ugandan ECVT testing research assistants at the present study site code the same 10 videos. Time and cost precluded doing all 44 children. Both evaluators had coded scores of ECVT videos previously in the This document is copyrighted by the American Psychological Association or one of its allied publishers.
same population of HIV-exposed children. We had them code each ECVT videos using PROCODER three times: proportion of time definitely not looking at the screen, proportion of time definitely looking, and proportion of time where the gaze direction was ambiguous. The resulting reliability between raters was very low for all three measures (definitely not looking r ϭ .05; definitely looking r ϭ .10; ambiguous r ϭ .28). Therefore, for the present study PROCODER data was only coded once instead of having multiple coders do the same video. The consistency of having the same coder evaluate all of the ECVT webcam videos removes variability that might result from multiple coders doing the scoring, perhaps resulting in a more optimal comparison between PROCODER webcam-based ECVT measures and the corresponding Tobii eye tracking measures. Besides correlational reliability analyses, another useful approach to agreement when there are only two raters is to calculate the differences between each pair of the raters' observations. The mean of the difference can be interpreted as the bias and the interconfidence (IC) 95% interval is termed "limits of agreement." If raters tend to agree, the difference between observations will be close to zero. Results from this analysis showed that there are systematic measurement differences in both looking and not looking times (both average differences are different than zero). In 95% of paired observations, the difference was within 150 s for both "definitely looking" and "definitely not looking" time measures. For looking time, testers tended to disagree more as looking time increases; while the opposite is observed in "definitely not looking" measures. Therefore, while the absence of multiple PROCODER raters in our present study might be viewed as a study limitation, the poor interobserver reliability ratings that we obtained with some of the children in our present sample further supports the advantage of Tobii eye tracking in measuring the proportion of screen viewing time for the ECVT.
Tobii Professional Studio eye tracking programming. The other ECVT performance measures were obtained automatically using a Tobii ϫ2-30 portable infrared camera calibrated to track eye gaze by means of pupillary direction. Studio Professional software was programmed with the Tobii ϫ2-30 portable infrared camera to monitor the child's pupil direction during the cartoon to automatically calculate the proportion of time the child gazed at the monitor screen during the entire animation presentation. The Tobii system was also programmed to measure the proportion of time watching the screen only when colorful animals were moving across it.
After successful calibration of pupillary gaze direction at the start of each testing session (using the Tobii Studio Professional calibration instrumentation verification program), the animation cartoon was started and total time spent looking at the cartoon animation was automatically measured using the following program features. An area of interest (AOI) is a predetermined area, or zone, of the screen that is of interest. In this study, for example, an AOI would be the animated animals as they moved across the screen as well as the entire screen in general during the video cartoon. AOIs are set to determine total gaze length on that area throughout the test.
A fixation is defined as the time that both eyes are statically locked (i.e., not perceptibly moving) on an area of the screen. Fixation duration measures are the sum of fixation time while looking within the AOI. This measure does not include the time it takes for the eyes to move between points A and B on the computer screen for the animation presentation.
First-visit duration was defined as the interval of time between the first fixation within the AOI and the next fixation outside of the AOI (not gazing at the animation screen). Total visit duration measures the duration of each individual visit to the total viewing screen for the animation within an AOI. This measure includes the time it takes for the eyes to move between point A and point B as the animal character moved across the screen left to right or right to left.
Our principal measures in the present study were ECVT PROCODER scored webcam video measures of total time watching the screen during the animation, and ECVT Tobii eye tracking automated measures of proportion of time watching the screen during the animation. For the ECVT Tobii eye tracking, we also used a 2nd outcome measure, that of total proportion of time viewing the animation only when animals were moving across the animation screen. This particular measure was not feasible with the PROCODER webcam scoring, but only with Tobii eye tracking. We included this measure as well because of the possibility that it might potentially be a worthwhile additional measure of attention with the ECVT. This is because this measure would gauge the ability of the child to monitor and track the moving animal on a more continual basis, without the more salient greeting features of the happy rabbit which are interspersed during the animation presentation (Figure 1 ).
Mullen Scales of Early Learning. This assessment is intended for use in assessing children from birth to 68 months and provides assessment scores for the developmental domains of Gross Motor (up to 36 months), Visual Reception, Fine Motor, Receptive Language, and Expressive Language (Mullen, 1995) . The Early Learning Composite provides a measure of g, the general measure of fluid intelligence thought to underlie cognitive ability in general. It is derived from the standardized T scores of the four Mullen cognitive scales, all of which have memory and learning items as part of the assessment (Visual Reception, Fine Motor, Receptive Language, and Expressive Language). In vali- Figure 1 . These photographs show the screen viewing and seating arrangement for children in the present study viewing the Early Childhood Vigilance Test (ECVT), a 6-min and 44-s cartoon animation test in which colorful and active animals would appear and would intermittently great the child (see happy bunny) to gain the child's attention to the screen. The web cam is mounted at the top of the screen and the Tobii X2-300 infrared camera strip to record pupillary gaze for eye tracking is situated in a strip below the screen. See the online article for the color version of this article. This document is copyrighted by the American Psychological Association or one of its allied publishers.
dation studies, the Early Learning Composite has a correlation coefficient of 0.70 with the Bayley Mental Development Index measure (Bradley-Johnson, 2001 ).
Color-Object Association Test (COAT).
The COAT was our principal assessment of childhood memory (Jordan, Johnson, Hughes, & Shapiro, 2008) . The COAT is one of the few existing methods to evaluate object placement (explicit) memory in children during the toddler and preschool years (age 2 to 5 years). Using 4-inch square wooden boxes upon which a colored felt patch can be attached with Velcro, novel "space creature" pictures are presented and given a nonsensical name. The creature pictures are attached to the outside of the wooden boxes, and the child is trained to "select" that picture/box by placing small, colorful familiar toys with handles (e.g., ball, doll, book) inside the box. The child is then asked to pick that picture from a group of similar pictures when given its name, by placing the toy inside the box to which that picture is attached. As such, this is a more active memory task that provides for more than just a "pointing" response. Boxes are rotated after each trial to discourage "positionbased" responding, and neither the color of the boxes or the names of the toys are ever presented to the child so as not to encourage or foster verbal language mediators as part of the memory process.
The number of pictures increases at a rate of one per trial with a new picture presented at the start of each trial. This is considered a long-term recall (learning) measure because the child's recall on all the items is scored, including the ones presented on previous trials. The principal outcome measures from the test are the immediate memory score of number of recalled items following each trial, and an overall total recall or learning score of correctly placed items presented on previous trials.
Behavior Rating Inventory of Executive Function-Preschool (BRIEF-P). The BRIEF-P inventory (Gioia, Espy, & Isquith, 2003) is useful for evaluating and planning treatment strategies for a wide spectrum of developmental and acquired neurological conditions, including learning disabilities, low birth weight, attentiondeficit/hyperactivity disorder (ADHD), Tourette's disorder, traumatic brain injury, and autism. The BRIEF-P scales include the behavior/cognitive functions of Inhibit, Shift, Emotional Control, Working Memory, and Plan/Organize. A global executive composite (GEC) score was obtained from this questionnaire to the caregiver, with higher scores indicating more symptoms of executive function problems. The GEC was our principal outcome measures from this assessment. BRIEF-P items were read to the caregiver in her local language.
Statistical analysis. The distributions of and correlations among the principal measures of the developmental test (MSEL, COAT, ECVT Tobii eye tracking, ECVT PROCODER, BRIEF-P) were evaluated. The associations between the ECVT Tobii eye tracking, ECVT PROCODER were also depicted using scatterplots. Analyses were completed using SAS 9.4.
Results
In terms of the normative mean for the Mullen Scales of Early Learning (M ϭ 100, SD ϭ 15), the present study sample of children exposed to HIV were mostly in the lower quartile for the Mullen Scales of Early Learning composite cognitive standardized score (range 49 to 90, M ϭ 68.39, SD ϭ 9.87). In terms of behavior symptoms for executive function difficulties, BRIEF-P scores for standard scores (normative M ϭ 50; SD ϭ 10) were mostly in the middle quartiles (range 37 to 80; M ϭ 53.0, SD ϭ 12.06).
Children watched 78% of the cartoon as automatically measured using Tobii eye tracking software and instrumentation, while PROCODER webcam scoring resulted in an average of 67%, r ϭ .90, p Ͻ .001 (Tables 1 and 2 ; Figure 2 ). Age of children was significantly correlated with both Tobii and PROCODER measures of ECVT attention (Table 2) . ECVT Tobii eye tracking scores for the animation portion with active moving animals across the screen also strongly correlated with webcam PROCODERbased scoring by observers, r(41) ϭ 0.84, p Ͻ .001; Table 2 ).
Tobii eye tracking significantly correlated with COAT immediate recall for color-object placement associations; tracking moving animals, r(41) ϭ 0.33, p ϭ .03; total percent time screen gaze r(42) ϭ 0.37, p ϭ .02 (Table 2) . ECVT scored by webcam PROCODER % was also significantly correlated with COAT immediate memory, r(44) ϭ 0.38, p ϭ .01, and learning, r(44) ϭ 0.42, p ϭ .005 (Table 2) . However, the Tobii ECVT measures did not quite correlate significantly with COAT learning.
None of the ECVT measures were significantly correlated with MSEL composite total score, or with the BRIEF-P global index (Table 2) . Among the MSEL scale measures, the ECVT when scored by Tobii eye tracking (total proportion time looking at cartoon) was significantly correlated with MSEL Fine Motor per- Note. N denotes the number of children for which this ECVT measure was within a valid range. When missing for the Tobii, this was usually because of inability of the infrared camera to track pupillary gaze throughout the test. This document is copyrighted by the American Psychological Association or one of its allied publishers.
formance; visual-spatial learning with motor response, r(42) ϭ 0.33, p ϭ .037.
Discussion
The purpose of the present project is to evaluate the feasibility of automated eye tracking technology with the ECVT as a measure of attention with younger Ugandan children. Based on our present findings when compared with the ECVT PROCODER video scoring measures, we conclude that Tobii eye tracking technology is feasible and provides for outcome measures that are consistent with the use of observer-based scoring of webcam videos for this attention test. However, the present study was embedded within a larger clinical study of caregiver training with HIV-exposed (noninfected) children, so this evaluation of eye tracking feasibility was with a special population of children. Irrespective, the use of Tobii eye-tracking technology has the additional advantage of providing for an automated means of administration and measurement for the ECVT. Tobii eye tracking with its automated measures can also provide immediate results for the ECVT test, as opposed to the need for PROCODER webcam scoring at a later date by welltrained observers, assuming that the webcam-based measures have good interobserver reliability as a result of good observer training and supervision.
In our present study, overall PROCODER scores for proportion of time viewing the ECVT cartoon were lower than for the Tobii measures. It is possible that our single PROCODER evaluator took a more conservative approach as to what constituted a child "definitely" looking at the monitor screen during the scoring of the webcam. This would result in a consistently lower percent of time that children were watching the ECVT test when compared with the Tobii data, even though the two measures were still highly correlated. It would be worthwhile to recode the webcam videos with an alternative coder to see whether similar results are obtained. Children sometimes had difficulty sitting still in the chair, which resulted in improper calibrations between the subjects and the Tobii device. In addition, multiple power outages in Tororo resulted in data loss. For several of the study children, some of the Tobii eye tracking data was not readable because of the loss of pupil tracking calibration by the Tobii camera during the session. None of the webcam videos were lost or unreadable in the present sample.
As did Forssman et al. (2017) with Malawian infants using Tobii eye tacking instrumentation and a cognitive visual tracking task, we established the feasibility of eye tracking measures with children in a medical clinic serving a disadvantaged rural Ugandan sample of at-risk children. We also established ways in which of ECVT eye tracking measures correlated to other cognitive and neurodevelopmental assessments in our study children. In a recent review of a variety of pediatric neurodevelopmental and neuropsychological assessments used in low and middle income countries (LMICs), the authors noted that many of the assessments adapted for use have not been well validated in these contexts (Semrud-Clikeman et al., 2016) . Furthermore, to administer these assessments in a valid and reliable matter, significant training and monitoring of the assessment personnel is necessary. This is es- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
pecially the case for test measures which depend on observer evaluation of a child's behavior, even if preserved within a video record. Because of this, observer variability in evaluating videobased scoring of behavioral outcomes has proven to be a serious limitation for such measures (Dickerson, Gerhardstein, Zack, & Barr, 2013) . To illustrate, the Fagan Test of Infant Intelligence (FTII) measures gaze length of infants for photographic presentations of familiar and unfamiliar human faces. This is to assess working memory as an indicator of neurocognitive development (Fagan & Detterman, 1992) . Since the pioneering work for Fagan and colleagues with the FTII in the 1980s and 1990s in high-income countries, the sensitivity of this test to neurodevelopmental risk and disorders in infants and very young children has been further established with outcomes such as premature birth and low birth weight infants (Guzzetta et al., 2006) , malnutrition and developmental delay (Nelson, Goldenberg, Hoffman, & Cliver, 1997) , polyunsaturated fat oils and other micronutrient interventions for undernutrition (vitamin A, iron; O'Connor et al., 2001 ), environmental toxic exposures (e.g., methyl-mercury, lead, PCBs; Davidson et al., 1999; Emory, Ansari, Pattillo, Archibold, & Chevalier, 2003; Jedrychowski et al., 2008; Myers et al., 1995) , congenital and early childhood diseases (e.g., Rett's Syndrome; von Tetzchner et al., 1996) , and gestational exposure to cocaine and other maternal drug and alcohol use (Chiriboga, Kuhn, & Wasserman, 2007; Jacobson, Chiodo, Sokol, & Jacobson, 2002) .
However, the FTII was not sensitive to the neurodevelopmental effects of perinatal infection of Ugandan infants with HIV in comparison to the Bayley Scales of Infant Development (Drotar et al., 1997) . This is perhaps because of the challenges in reliably measuring gaze length in infants by human observers using stop watches while peering through observation slits from behind the photographs of the human faces presented to the infants in a hectic clinic setting. Therefore, more consideration should be given to automating such measures whenever possible, particularly in ways which will help standardize the administration and scoring of such tests across cultural contexts.
Because of the current HIV epidemic in sub-Saharan Africa, children are at risk of compromised caregiving. The ECVT test of attention is one of the neurocognitive assessments that is used to measure the efficacy of the interventions implemented to improve caregiving. Eye tracking technology is used in multiple types of research. This is the first time that we know of that this technology has been used to evaluate children exposed to HIV in sub-Saharan Africa. Our principal accomplishment for this study was establishing the feasibility of using eye tracking technology in a resourceconstrained clinic setting in rural Africa as part of a developmental assessment in children. Eye tracking technology can help standardize the ECVT scoring process and eliminate issues surrounding interrater reliability. The Tobii eye tracking system also allows the clinician or researcher to look at specific AOIs to dynamically track eye movement across the screen. The use of areas AOIs can provide us with a more precise measurement of childhood attention. Such measures are not available with webcam-based scoring for gaze fixation and direction because of the difficulty of making such determinations in a precise manner with human observers.
Study Limitations
Using only the same evaluator for the PROCODER scoring rather than a composite of multiple coders could be seen as a study limitation. However, as noted in our methodology for the PROCODER evaluation, poor intercoder reliability in a pilot study subsample of 10 children was the principal reason we went with only one coder (our most experienced one). This was in addition to the time and resources needed for multiple ECVT coders for the entire sample, given the resources available for the present "proof of concept" eye tracking study.
Another study limitation was that it was completed with a special population of children-those perinatally exposed to HIV. Also, while these subjects are all primary aged children, 44 to 65 months represents a period of very dynamic developmental growth and the allocation of attentional resources changes substantially with age. Many health, nutritional, socioeconomic, and caregiving risk factors among these children can contribute to variation in measures of eye tracking and scanning used to evaluate attention processes. Further evaluation of the feasibility of an eye-tracking technology in neurocognitive tests with younger African children should include children both at-risk and not at-risk from exposure to infections such as HIV. They should also include a sufficiently large sample to allow for an adequate evaluation of the validity of the eye-tracking methodology measures for attention measures for children through a broader age span in our study population with ECD intervention (1.5 to 5.5 years). For example, Forssman et al. (2017) infant eye tracking study with cognitive search tasks, the Malawian infants had lower completion rates and slower processing speeds than did the Finnish children, presumably because of a greater prevalence of developmental risk factors such as poor nutrition and anemia. However, their study was underpowered to directly evaluate the relationship of such factors with their eye tracking performance measures in the Malawian children (Forssman et al., 2017) .
Attention in children is associated with basic demographic factors such as the complex associations between poverty, living status, education, race/ethnicity and health status/outcomes (Boivin & Giordani, 2009 ). Furthermore, socioeconomically disadvantaged individuals tend to experience less linguistic, social and cognitive stimulation and these can also affect brain/ behavior development as it pertains to attention. Individuals from lower SES homes report more stressful events during their lifetime and their biological response to stressors has been hypothesized as one of the underlying mechanisms for health and cognitive disparities in relation to SES (Noble et al., 2015; Noble, Houston, Kan, & Sowell, 2012) . In turn, these suboptimal sociocultural or psychosocial experiences likely have specific downstream effects on particular brain structures (Boivin & Giordani, 2009 ). Likewise, risk factors prevalent for mothers with HIV such as vulnerability to malaria and other infections during pregnancy, exposures to potentially toxic effects from ante-and postnatal exposure to combination antiretroviral medications, birth complications or prematurity for the child, and early cessation of breast feeding with subsequent risk for poor nutrition and diarrheal disease, can all affect early brain development as it pertains to foundational neurocognitive processes such as attention (Brahmbhatt et al., 2014; Brahmbhatt et al., 2006; Brahmbhatt et al., 2003; Brahmbhatt et al., 2008) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
Given the previous important considerations in the neuropsychological development of attention processes in resourceconstrained cross-cultural settings, another limitation of our study is that it was not designed to identify the etiology of the cognitive impairment found in this population. It is likely that maternal/ caregiver poor physical health from HIV infection along with emotional distress (e.g., depression), lower caregiver education attainment and the stress of impoverishment can all affect the quality of caregiving . These factors can modify how attention processes should best be measured in HEU children such as our present sample Familiar, Murray, et al., 2016; Familiar, Nakasujja, et al., 2016) . Thus, another limitation of this study is that it could not adequately gauge the degree of attention deficit as it pertained to our other cognitive ability and development indicators (e.g., COAT memory and learning, MSEL cognitive development) as they related to the Tobii and webcam ECVT measures.
Although we did not adjust for the above potential modifying factors in our correlational analyses for the Tobii eye tracking and PROCODER webcam measures (Table 2 ), our present study sample was fairly homogenous on these demographic factors. Therefore, our present study findings are reasonable given our principal study aims in this feasibility evaluation of Tobii eye tracking measures for the ECVT in our study sample of Ugandan HEU children.
Conclusions
We established that eye tracking technology is feasible in automating the measurement of attention in a public hospital clinical setting in sub-Sahara Africa. In doing so, in can provide for behavioral measures dependent on eye gaze length and direction that can be better standardized and obtained in a more efficient manner. Measures of attention correspond well to measures of working memory based on object placement (color-object association test), but not as well on more general tests of children development (Mullen Scales of Early Learning) .
Ours is the first study to establish the feasibility of the use of eye tracking technology to measure attention in HIV-exposed very young children in sub-Sahara Africa. We have shown that neurocognitive assessments are feasible. However, presently such eye tracking technologies are not accessible in most resourceconstrained settings in low and middle income countries (LMICs) without a high level of supportive expertise. This is because there are a number of methodological challenges in terms of the setup, calibration, stable electricity, and the ability to minimize fluctuation in lighting, camera positioning, and movement. Equipment cost and technical training for the operation and programming of eye tracking devices is also a major constraint in making this technology readily available in LMICs. Finally, in a few cases, Tobii ECVT measures were not available because of a loss of pupillary calibration during the cartoon presentation and viewing (see Table 1 ). However, valid Tobii ECVT measures was obtained for "total proportion of time viewing the screen" in 42 of 44 cases, denoting a 95% success rate (see Table 1 ). This failure rate is comparable to what we have obtained in webcam-based ECVT recordings in other studies in this setting (Boivin et al., 2013b) .
The present feasibility pilot study is a first step toward the goal that one day eye tracking technology can be used to enhance other behavioral measures of early child development pertaining to cognition. It is presently difficult to see utility of this "proof of concept" feasibility study, given the limited accessibility of the computer, eye tracking instrumentation, and technical expertise needed to implement such measures in LMICs. However, mobile network coverage is available presently for all of Uganda, making Internet-based mHealth technologies far more accessible than previously thought possible, even for tele-ophthalmological evaluation (Betjeman, Soghoian, & Foran, 2013; Pérez, Swart, Munyenyembe, & Saranchuk, 2014) . To illustrate, eye tracking technologies such as infrared reflectance oculography have been used to evaluate the long-term visuomotor development effects in Malawian children surviving cerebral malaria. (Knox et al., 2016) .
Likewise, eye tracking has been used to help map cognitive ability performance in very young Malawian children (Forssman et al., 2017) , and we have done the same in a rural Ugandan hospital using a modified Fagan test (Chhaya et al., 2017) . In time, it is possible to see eye tracking instrumentation interfaced to a mobile network platform in mHealth applications that makes such assessments readily available for community health workers to evaluate, for example, multistep attention vigilance and monitoring tasks, visual-spatial working memory, maze learning and navigation tasks, reasoning by analogy with progressive matrices tests, and the processing of visual information as a part of literacy training in children. In conclusion, eye tracking technology can revolutionize mHealth in the global context, providing a wealth of behavioral data to help clinicians and researchers better interpret the neuropsychological performance measures of such tasks in children in response to developmental factors of risk and resilience.
The accessibility of such data through new technologies (e.g., eye tracking, neurocognitive assessment) will allow neuropsychologists to more readily incorporate LMIC pediatric evaluative data into child development brain/behavior science. The infusion of such diverse and massive sources of population-based surveillance and performance-based data, made possible by linking sophisticated instrumentation measurement to mobile/ Internet platforms will revolutionize the existing paradigm of child development science. This is because such mHealth innovations have the potential to drive the future of evidence-based public health child development programs on a global scale never before seen in human history (Boivin, Kakooza, Warf, Davidson, & Grigorenko, 2015) .
